INTRODUCTION
Transitions from microscopic, unicellular life forms to complex multicellular organisms are relatively rare events but have occurred in all major eukaryotic lineages, including animals, fungi, and plants [1, 2] . Algae, having acquired complex multicellularity several times independently, provide unique insights into the underlying mechanisms that facilitate such transitions. In the green lineage, there have been several independent transitions to multicellularity. Within Streptophyta, the origin of complex land plants from a green algal ancestor was preceded by a series of morphological, cytological, and physiological innovations that began long before the colonization of land [3] . Within the Chlorophyta, the transition from uni-to multicellularity has occurred in several clades and has been studied particularly extensively in the volvocine lineage [4] . Comparative genomic analyses between unicellular (Chlamydomonas), colonial (Gonium, Tetrabaena), and multicellular (Volvox) species revealed protein-coding regions to be very similar, with the notable exceptions of the expansion of gene families involved in extracellular matrix (ECM) formation and cell-cycle regulation [5] [6] [7] .
The Ulvophyceae, or green seaweeds, represent an independent acquisition of a macroscopic plant-like vegetative body known as a thallus. Ulvophyceae display an astounding morphological and cytological diversity [8] that includes unicells, filaments, and sheet-like thalli, as well as giant-celled coenocytic or siphonous seaweeds [9] . Ulva, or sea lettuce, is by far the best-known representative of the Ulvophyceae and is well established as a model organism for studying morphogenesis in green seaweeds [10] . The Ulva thallus is relatively simple, with small uninucleate cells and a limited number of cell types. Ulva exists in the wild in two forms: either as flattened blades that are two- cells thick or as tubes one-cell thick (Figure 1A) . Both forms co-occur in most clades, as well as within single species. These morphologies, however, are only established in the presence of appropriate bacterial communities [11] . In axenic culture conditions, Ulva grows as a loose aggregate of cells with malformed cell walls ( Figure 1B ). Only when it is exposed to certain bacterial strains (e.g., Roseovarius and Maribacter) or grown in conditioned medium is complete morphogenesis observed [11] . Thallusin, a chemical cue inducing morphogenesis, has been characterized for the related genus Monostroma [12] , and additional substances that induce cell division (Roseovarius factor) and cell differentiation (Maribacter factor) have been partially purified from Ulva-associated bacteria [11] . The value of Ulva as a model organism for green seaweed morphogenesis is enhanced by its tractability for genetic analyses. Under laboratory conditions, individuals readily complete the life cycle, which involves an alternation of morphologically identical haploid gametophytes and diploid sporophytes [10] . Furthermore, a stable polyethylene glycol (PEG)-based genetic transformation system is available [13] .
The Ulva genus is also of great ecological significance. Ulva is widely distributed along tropical and temperate coasts, and several species penetrate freshwater streams and lakes. Under high-nutrient conditions, Ulva can give rise to spectacular blooms known as ''green tides,'' often covering several hundreds of kilometers of coastal waters. Beached algae may amount to a million tons of biomass and smother entire coastlines and negatively impact tourism and local economies [14] . Although not toxic, green tides have led to fatalities due to the hydrogen sulphide that is formed when the dead biomass decays. Despite the harmful consequences of Ulva's rapid growth rate, beneficial aspects include exploitation of its biomass-e.g., for biofuel production, protein for animal feed, and the removal of excess nutrients in integrated multitrophic aquaculture systems [15] .
The genomic resources for the Ulvophyceae that could shed light on their independent transition to multicellularity and the evolution of the cyto-morphological diversity are limited to a transcriptomic study of U. linza [16] and a description of the mating-type locus of U. partita [17] . In addition, Ranjan and colleagues [18] studied the distribution of transcripts in the thallus of the siphonal green seaweed Caulerpa. Here, we present the first whole-genome sequence of an Ulva species, U. mutabilis Føyn (Figure 1 ). The species is phylogenetically closely related to U. compressa Linnaeus ( Figure S1 ), a widespread species known to form nuisance blooms. The sequenced strain was isolated from southern Portugal [19] and has been successfully maintained in culture. Several important aspects of its biology, including cell cycle, cytology, life-cycle transition, induction of spore and gamete formation, and bacterial-controlled morphogenesis, have been studied in detail over the past 60 years [10] . We intend our Ulva genome, in combination with the availability of a genetic toolkit and developmental and life-cycle mutants, to spur the new developmental research in green seaweeds that will be critical if we are to harness their aquaculture potential while mitigating the threat from blooms. Our analyses of the Ulva genome reveal features that underpin the development of a multicellular thallus and expansion of gene families linked to the perception of photoperiodic signals and abiotic stress, which are key factors for survival in intertidal habitats. Furthermore, we unveil key genes involved in the biosynthesis of dimethylsulfoniopropionate (DMSP) and dimethyl sulfide (DMS), important signaling molecules with a critical role in the global sulfur cycle.
RESULTS AND DISCUSSION

Genome Sequencing and Gene-Family Evolution
The genome size of U. mutabilis was estimated by flow cytometry and k-mer spectral analysis to be around 100 Mbp. In total, 6.9 Gbp of PacBio long reads were assembled into 318 scaffolds (98.5 Mbp), covering 98.5% of the estimated nuclear haploid genome ( Figure 2 and Table S1 ). To increase the accuracy of the genome sequence at single-base resolution, the scaffolds were polished using PacBio and Illumina paired-end reads. We predicted 12,924 protein-coding genes, of which 91.8% were supported by RNA sequencing (RNA-seq) data. Analyses of genome completeness indicated that the genome assembly captures at least 92% of the eukaryotic BUSCO dataset. Analyses of pico-PLAZA core gene families resulted in a completeness score of 0.968 of the protein-coding genes (Table S2 ). Annotation of repetitive elements resulted in 35% of the genome being masked. Among the identified repeats, 74% were classi-fied as known or reported repeat families, with long terminal repeats (LTRs) and long interspersed elements (LINEs) being predominant, representing 15.3 Mbp and 9.3 Mbp, respectively (Table S3 ).
The Ulva genome size is intermediate between sequenced genomes in the Chlorophyceae and Trebouxiophyceae ( Figure 2 ). The number of predicted genes and gene families is markedly lower compared to most Chlorophyceae, including the volvocine algae (Chlamydomonas, Gonium, Tetrabaena, and Volvox), but higher than the Trebouxiophyceae and prasinophytes ( Figures  2 and 3 ). The relative gene family sizes, however, are roughly equal between Ulva and volvocine algae when corrected for total genome size ( Figure S2 ). A phylogenetic tree inferred from a concatenated alignment of 58 nuclear protein-coding genes (totaling 42,401 amino acids) supports a sister-group relationship of Ulva with the Chlorophyceae in the crown chlorophytes ( Figure 3 ). This topology corroborates earlier phylogenetic hypotheses based on multigene organelle datasets (reviewed in [8] ). The divergence of Ulva and the Chlamydomonas-Gonium-Volvox clade (Chlorophyceae, Volvocales) from their common ancestor coincided with substantial gain and loss of gene families in both lineages ( Figure 3 ). Gain and loss, however, do not seem to be correlated with multicellularity.
Evolution of Multicellularity
Ulva develops from gametes or zoospores into a multicellular thallus consisting of three main cell types (rhizoid, stem, and blade cells). After a first division, the basal cell gives rise to a rhizoidal cell and the apical cell [20] . Subsequent morphogenesis is then governed by a progressive change in cell cycles. The growth rate of the basal cells decreases after a few cell cycles, so that the holdfast remains small, while the division of blade cells continues and becomes synchronized to the prevailing light:dark cycle [20] . The shape of the multicellular thallus in Ulva is therefore largely driven by how cell size and division are controlled, and many morphological mutants in U. mutabilis, including the slender mutant used in this study (see below), appear to have arisen from underlying changes in cell-cycle regulation [20] .
The evolution of a complex thallus morphology is often associated with expansions in gene families that are involved in cell signaling, transcriptional regulation, and cell adhesion [1] . The Ulva genome encodes 251 proteins involved in transcriptional regulation-a comparatively low number for a green alga-which is also reflected in a low fraction of such proteins encoded by the genome (1.94% when compared to the average of 2.66% in green algae). Ulva lacks 10 families of transcription factors (TFs) and two families of transcriptional regulators (TRs) that are present in other green algae (Data S1). Furthermore, the existing transcription-associated protein families are, on average, smaller than those in other green algae ( Figure 4A ). Among the most remarkable gene families that have been lost are genes of the retinoblastoma (RB)/E2F pathway and associated D-type cyclins. Comparative genomic studies of volvocine algae have revealed that the co-option of the RB cell-cycle pathway is a key step towards multicellularity in this group of green algae [5] [6] [7] . Apart from implying that evolution toward multicellularity progressed along different trajectories in Ulva and the volvocine algae, the absence of D-type cyclins, RB, and E2F signifies that entry into the cell cycle and the G1-S transition are independent on these genes, as is the case in yeast. As no homologs of Cln 2/3, SBF, and Whi5, which mediate G1-S transition in yeast [22] , are found in Ulva, we hypothesize that either a functionally analogous set of genes or an entirely different mechanism regulates Ulva S-phase entry. Interestingly, RB and E2F homologs were found in the transcriptome of the siphonous ulvophyte Caulerpa [18] , so at present, it remains unclear how widely the RB/E2F pathway is conserved within the Ulvophyceae. Other aspects of the cell cycle are more in line with other green algae ( Figure S4 and Data S1), be it that the single CDKA homolog (UM001_0289) contains a modified cyclin-binding motif, PSTALRE, instead of the evolutionarily conserved PSTAIRE motif. While variations in this motif are not uncommon in eukaryotes, Ulva is the first member of the green lineage to have such a variation reported.
Contrary to the expectation for a multicellular organism [23] , few TF families are expanded in Ulva ( Figure 4A ). Notable exceptions are CONSTANS-LIKE (CO-like) TFs, of which Ulva has five genes, whereas all other sequenced algae encode between zero and two ( Figures 4A and 4B ). These CO-like TFs are characterized by one or two (group II or III) zinc-finger B boxes and a CCT protein domain. Both protein domains are involved in protein-protein interactions, and the CCT domain mediates DNA binding in a complex with HEME ACTIVATOR PROTEIN (HAP)type TFs in Arabidopsis [21] . Ulva CO-like proteins form a single clade within other algal lineages ( Figure 4B ). In addition to the five CO-like TFs, functionally related proteins containing either (1) only a B-box domain similar to group V B-Box zinc fingers [21] or (2) only a CCT domain and belonging to the CCT motif family [24] are also expanded in Ulva. B-box zinc fingers and CMF proteins in angiosperms have been implicated in developmental processes such as photoperiodic flowering [25] , regulation of circadian rhythms [26] , and abiotic stress responses [27] . The control of light and photoperiod signaling is conserved in the green algae C. reinhardtii and Ostreococcus tauri [28, 29] . Moreover, the CO-like TFs are one of the families potentially involved in the establishment of complex multicellularity in green algae and land plants [30] . Genome-wide mapping of Ulva CO-like genes and functionally related genes indicates that the majority (60%) originated through tandem duplication in Ulva ( Figure 4C ). Although the functions of these proteins will need to be confirmed experimentally, the CO-like and CMF genes in Ulva 
Figure 3. Predicted Pattern of Gain and Loss of Gene Families during the Evolution of Green Algae and Land Plants
For each species, the total number of gene families, the number of orphans (genes that lack homologues in the eukaryotic data set), and the number of genes are indicated, as well as habitat and morphological characteristics. Maximum likelihood bootstrap values are indicated in black at each node. The number of gene families acquired or lost (values indicated in blue along each branch in the tree) was estimated using the Dollo parsimony principle. could be involved in the integration of a multitude of environmental signals in a highly dynamic intertidal environment-a kind that the other sequenced green algae are not regularly subjected.
A total of 441 protein kinases were identified in the Ulva genome, representing about 3%-4% of all protein-coding genes. The largest subfamily of Ulva kinases has similarity to PKnB kinase (Data S1), a ''eukaryotic-like'' serine/threonine kinase originally discovered in bacteria. Around 20 of the PKnB kinases possess a transmembrane (TM) domain and an extracellular/adhesion domain-either Kringle (IPR000001), FAS1 (fasciclin-like; IPR000782), or Pectin lyase fold (IPR012334, IPR011050)-and so represent good candidates for Ulva receptor kinases, with potential roles in environmental sensing and/or developmental signaling. By acting on Ulva cell wall components, for example, the pectin-lyase-fold domains may contribute to desiccation resistance [31] and to the growth and development of a multicellular thallus [32] . We note that although the three aforementioned extracellular domains are present in many green algae, including the green seaweed Caulerpa (Figure 5) , it is unusual to see them linked to a kinase, and this coupling is only seen in a few other eukaryotic species. The Kringle-kinase domain combination, for instance, was initially discovered in animal receptor tyrosine kinase-like orphan receptors (RORs), which use Wnt signaling proteins as ligands and function in multicellular development, neuronal outgrowth, cell migration, and polarity [33] . Our analysis additionally finds this domain combination in Ulva and the unicellular prasinophyte green algae (Ostreococcus). The Fasciclin-kinase combination is unique to Ulva, while the pectin-lyase-kinase combination is found only in the multicellular algae Ulva, Klebsormidium, and Ectocarpus. It is possible that Ulva Kringle-TM-kinase gene families arose via divergent evolution from a common ancestor based on sequence similarity of family members and the close proximity of some family members on single DNA scaffolds. The pectin-lyase-TM-kinase family proteins, on the other hand, are more divergent in sequence and structure (including kinase-TM-pectin-lyase proteins) and are more likely to have arisen by dynamic gene fusions or conversions.
In addition to containing extracellular protein domains that are linked to intracellular kinases, Ulva also shows a significantly enriched diversity of the protein domains associated with the ECM and cell surface relative to its sequenced sister taxa. Notable examples of these enriched ECM-associated domains include scavenger receptor cysteine-rich (SRCR) domain proteins (IPR001190, IPR017448), which are absent from land plants but present in animals and Volvocales [34] . In Metazoans, the SRCR proteins have diverse roles that include the recognition of the pathogen-associated molecular patterns (PAMPs) that mediate bacterial interactions [35] and possibly encompass an early evolutionary role in cell-cell recognition or aggregation [36] . The germin (IPR001929) and RmlC-like cupin (IPR011051) domain folds are also among the ECM-associated domains and occur ubiquitously in streptophytes, where they are linked to the regulation of cell-wall properties such as extensibility and defense [37] .
The gametolysin/MEROPS peptidase family M11 of Volvox matrix metalloproteases (VMPs) (IPR008752)-similar to mammalian collagenases and crucial to ECM remodeling [38] -is enriched in Volvox relative to Chlamydomonas [6] . While this M11 class of peptidases is itself absent in Ulva, the related MEROPS M8/leishmanolysin peptidase domain (IPR001577) is 23-fold enriched compared to Chlamydomonas. Additionally, 28 collagen triple helix repeat (IPR008160) proteins, with predicted extracellular locations, have been detected, each with a G-N/D-E repeat rather than the more usual G-P-Hyp, which suggests the presence of collagen-like innovations in the ECM of Ulva. 
Phytohormones
The processes of growth and development in land plants are modulated by plant hormones, and experimental studies have suggested that such hormones may also be involved in Ulva morphogenesis to give a blade-or tube-like thallus [39] . However, because bacteria can produce plant hormones, it has not been clarified whether hormones previously detected in Ulva arose from the alga or from its associated bacteria. To add to the confusion, the Roseovarius-factor resembles a cytokinin, and the Maribacter-factor acts in a similar fashion to auxin, so bacteria-derived compounds may contribute to the development of the multicellular Ulva thallus [11] . We therefore investigated whether biosynthesis pathways for known phytohormones are present in Ulva and/or the associated bacteria and tested whether phytohormones could replace the bacterial morphogenetic factors. Homologs of plant hormone biosynthesis genes provided circumstantial evidence for the biosynthesis of abscisic acid (ABA), ethylene (ET), and salicylic acid (SA) in Ulva ( Figure 6 and Data S1). Corroborating these results, we found that both xenic and axenic Ulva produce not just ABA, ET, and SA, but also auxin (IAA) and gibberellin (GA 3 ) (Table S4 ). Measurements of IAA in axenic cultures are more difficult to reconcile with the Ulva gene content, as little or no evidence was found for indole-3-pyruvic acid (IPA), tryptamine (TAM), and indole-3-acetamide (IAM) pathways. In Ulva, therefore, biosynthesis of IAA seems most likely to involve a pathway through indole-3-acetaldoxime and indole-3-acetaldehyde catalyzed by the AMI1 and AAO1 genes, respectively, that are found in the Ulva genome. The presence of GA 3 remains equivocal. In line with earlier findings [40] , traces of GA 3 could be detected in both axenic and xenic slender cultures, but not in wild-type. At present, it is also unclear how to reconcile these traces of GA 3 with the gene content of Ulva, since the enzymes known to mediate the biosynthesis of the GA 3 precursor, entkaurene, in the plastid (CPP synthase, ent-kaurene synthase) are missing from the genome. We also found that the associated bacteria Roseovarius sp. MS2 and Maribacter sp. MS6 are able to produce IAA, GA 3 , ET, SA, and the cytokinins (isopentenyladenine, iP) (Table S4 ). Despite this strong evidence for the synthesis of known phytohormones by Ulva and its associated bacteria, we observed that none of the tested hormones were able to trigger growth or development of gametes and young propagules in standardized bioassays ( Figure S3 ). While the Ulva genome contained candidate genes for phytohormone biosynthesis, the corresponding angiosperm receptors were absent, corroborating the comparative genomic analyses by Wang et al. [41] . These authors found little evidence for the emergence of homologous plant hormone signaling pathways outside the charophyte lineage. Our findings, however, do not preclude hormonal or other functions for these products, using different pathways and interdependencies, as demonstrated for diatoms [42] .
Macroalgal-Bacterial Interactions
Ulva relies on interactions with bacteria for both the settlement its zoospores [43] and the morphogenesis of its thallus [10, 11] . This close association with bacteria, however, does not seem to have resulted in significantly higher levels of horizontal gene transfer (HGT). Using a phylogenomic pipeline to investigate the extent of HGT in the Ulva genome, we found 13 well-supported cases of HGT of prokaryotic origin (Table S5) . Although this number is not exceptionally high, it is remarkable that detected HGT events are followed by gene family expansion more than half the time. The most striking case is presented by Haem peroxidases belonging to the peroxidase-cyclooxygenase superfamily, of which Ulva mutabilis has 36 copies that arose following a single HGT event. Peroxidases, which are involved in scavenging H 2 O 2 , are part of Ulva's antioxidant machinery and help it to cope with the environmental challenges common to intertidal habitats, such as excessive light, hypersalinity, and dehydration [16, 44] . Peroxidases may also have important functions in cell wall modification [45] ; in plants, they have been demonstrated to anchor themselves to pectins and cross-link extensins, resulting in a stiffening of the primary cell wall. It is thus noteworthy that genes coding for extensins and pectin-like polysaccharides are very prominent in the Ulva genome (Data S1). Predictions of localization suggest that at least 21 of these peroxidases are extracellular, while a further five are predicted to be targeted to the mitochondrion. A particularly interesting Ulva-bacterial interaction may involve the biosynthesis of siderophores for iron uptake. Pilot studies have recently revealed that bacteria tightly associated with U. mutabilis release unknown organic ligands that are capable of forming complexes with iron [46] . Secreted microbial siderophores become, therefore, part of the organic matter in the chemosphere and contribute to the recruitment of iron within the tripartite community of U. mutabilis. It was hypothesized that Ulva uses siderophores as public goods within a bacterial-algal mutualism, where heterotrophic bacteria are fed by the algae through the release of carbon sources. Genome mining for iron uptake genes suggests that Ulva can acquire iron, maintained in solution and made bioavailable by bacterial siderophores, via reduction by a ferric chelate reductase, re-oxidation by a multicopper ferroxidase, and finally uptake by a transferrin-like protein (Data S1).
Dimethylsulfoniopropionate Synthesis DMSP has been identified as a major metabolite in Ulva. In addition to its role as an osmolyte and cryoprotectant, DMSP also appears to play a direct role in cross-kingdom signaling between Ulva and its associated bacteria [47] . Roseovarius sp. strain MS2 is chemotactically attracted to DMSP. Bacteria use the algal DMSP signal as a mechanism for detecting the presence of a photoautotrophic organism releasing various carbon sources such as glycerol [47] . In turn, Roseovarius sp. promotes the growth of Ulva by a cytokinin-like substance. DMSP works thus as an important chemical mediator for macroalgal-bacteria interactions [47] . Comparative genome analysis reveals genes with a putative function in biosynthesis, catabolism, and transport of DMSP.
The biosynthesis of DMSP in Ulva has already been demonstrated to follow an entirely different route from that in flowering plants [48] . In a four-step pathway, methionine is first transaminated to 4-methylthio-2-oxobutyrate (MTOB), then reduced to 4-methylthio-2-hydroxybutyrate (MTHB), and then methylated to give 4-dimethylsulfonio-2-hydroxy-butyrate (DMSHB) (Figure 7A) . Finally, the oxidative decarboxylation of DMSHB yields DMSP. The methylation of MTHB to DMSHB is only known to occur in association with DMSP synthesis and is thus considered to be the pathway's committing step. The DSYB gene, a eukaryotic homolog of bacterial dsyB, has recently been shown to mediate the methylation of MTHB to DMSHB in several eukaryotic DMSP-producing algae [51] , but no DSYB homolog could be found in either the Ulva genome or in the genomes of the DMSPproducing diatoms Phaeodactylum tricornutum and Thalassiosira pseudonana [52] , which indicates that multiple biosynthesis pathways exist in eukaryotes. We can, however, locate an Ulva S-adenosyl-L-methionine-dependent methyltransferase (UM036_0102), which is homologous to a candidate methyltransferase in Fragilariopsis cylindrus (CCMP 1102, accession 212856a), which is known to be involved in DMSP production [53] . Homologs of UM036_0102 are notably absent from non-DMSP-producing Chlorophyceae and Trebouxiophyceae, and expression analysis reveals that UM036_0102 is upregulated 7-fold (± 1.2 SD) at low temperatures (8 C) ( Figure 7B ). These (Table S5) . Abbreviations: ZEP, zeaxanthin epoxidase; NCED, nine-cis-epoxycarotenoid deoxygenate; SDR, short-chain dehydrogenase reductase; AAO, aldehyde oxidase; DET2, deetiolated2 (steroid 5alfa reductase); DWF4, dwarf4 (CYP90B); CPD, constitutive photomorphogenic dwarf (CYP90A); IPT, isopentenyl transferase; LOG, lonely guy (lysine decarboxylase); SAMS, s-adenosyl methionine synthetase; ACS, ACC synthase; ACO, ACC oxidase; CPS, CDP/ent-kaurene synthase; KO, ent-kaurene oxidase; KAO, ent-kaurenoic acid oxidase; TAA, tryptophan aminotransferase; YUC, YUCCA (flavin monooxygenase); AMI, amidase; NIT, nitrilase; LOX, lipoxygenase; AOS, allene oxide synthase; AOC, allene oxide cyclase; OPR, oxo-phytodienoate reductase; ICS, isochorismate synthase; PAL, phenylalanine ammonia-lyase; D27, dwarf27 (all-trans/9-cis-B-carotene isomerase); CCD, carotenoid cleavage dioxygenase; MAX1, more axillary branches1 (CYP711A). See Data S1 for abbreviations used. See also Figure S3 . expression values correlate with DMSP concentrations, which are significantly higher at 8 C (5.75 ± 1.8 mg/g FW) than at 18 C (3.14 ± 1.05 mg/g FW; Student's t test p < 0.001, n = 12), consistent with a potential role for DMSP as a cryoprotectant. The expression of UM052_056, a SAM methyltransferase with homologs in volvocine algae, which was included as a control, was not increased. The combination of comparative analyses and expression data make UM036_0102 a credible candidate for the enzyme that mediates the methylation step in the biosynthesis of DMSP as an alternative to DSYB in eukaryotes.
Also relevant when considering DMSP synthesis are four putative BCCT-type family symporters/antiporters (IPR000060), which have been demonstrated to be involved in the import of DMSP in several bacteria [54] . In Ulva, which shifts from DMSP synthesis towards DMSP uptake under conditions of sulfur deficiency, a putative DMSP transporter has been shown to be a Na + /DMSP symporter, which points towards BCCT transporters [49] . Homologs of the putative Ulva BCCT transporters are also present in diatoms, some marine prasinophytes, and opisthokonts, but are notably absent from the fresh water Trebouxiophyceae and Chlorophyceae. Two out of four BCCT transporters are significantly upregulated at low temperatures (UM033_147 and 150), while one is significantly downregulated (UM033_146) ( Figure 7B) .
Finally, the Ulva genome encodes two copies of a DMSP lyase, the enzyme responsible for forming DMS from DMSP ( Figure 7A) , which was originally identified in Emiliania huxleyi [50] . Ulva may thus regulate the chemoattraction of bacteria by the de novo synthesis of DMSP and its decomposition to DMS through its endogenous DMSP lyase. The production of DMSP and DMS by Ulva [48] , as well as the ecological implications for the natural sulfur cycle and climate regulation (e.g., cloud condensation), are an important topic of research. The involvement of a DMSP lyase in the production of DMS has been demonstrated in the past [55] , but the enzymes remained unidentified. Furthermore, the production of DMS by Ulva rather than by associated bacteria has only recently been unequivocally demonstrated [47] . Phylogenetic analyses resolved two DMSP lyases that are present in U. mutabilis in a clade with several haptophytes (including Alma3, 6, and 7 of Emiliana huxleyi) and dinoflagellates, but also with the lyases of the scleractinian coral Acropora (Figure 7C ). The most likely explanation for the presence of the Alma DMSP lyases in Ulva-the first reported in any green algal genome-would therefore be through HGT from the chromalveolate lineage rather than from bacteria. Of the two Ulva DMSP lyase copies, UM030_0039 was 13-fold downregulated at low temperatures ( Figure 7B ), while the expression of UM021_0036 did not vary significantly across treatments, which may indicate a function disconnected from temperature-responsive DMS formation.
Conclusion
Genome analysis of U. mutabilis reveals several key insights into the biology of green seaweeds. Most importantly, we demonstrate that Ulva's long independent evolution from a unicellular and B C A Figure 7 . Biosynthesis, Transport, and Catabolism of DMSP (A) Maintenance of DMSP concentration in Ulva is a combination of de novo synthesis by conversion of methionine [48] , import from the environment putatively using BCCT transporters [49] , and degradation into acrylate and DMS by DMSP lyases [50] . Table S8. freshwater ancestral chlorophyte has resulted in marked changes in the genes underlying the most important aspects of the species' biology (e.g., cell-cycle control). Although the unicellular-multicellular transition in volvocine algae relies on substantially different proximate causes, such as co-option of the RB cell-cycle pathway, interesting parallels can be drawn between expansions in the volvocine algae and the expansions of Ulva's ECM-related gene families, especially given their putative role in environmental signaling. Additional ongoing advances in the precision and efficiency of reverse genetic and genome-editing techniques, combined with Ulva's experimental tractability and ease of clonal haploid growth under laboratory conditions, make Ulva an exciting model organism for the study of the marine green seaweeds. Ulva is increasingly used as a crop in seaweed aquaculture, and its sustainable and biosecure exploitation and domestication will benefit from the identification of ecotypic genetic variation-most immediately in identifying the traits that underlie bloom formation. For example, the comparison of bloom-and non-bloom-forming Ulva species may assist our understanding of the molecular mechanisms that underpin growth and reproduction in response to environmental conditions. Furthermore, expanding comparative genomics to giant-celled green seaweeds (e.g. Acetabularia, Caulerpa, and Cladophora) has the potential to shed light on a range of curious macroscopic organismal architectures that do not rely on multicellularity for morphological patterning. Lastly, the reliance of Ulva on bacterial cues for growth and morphogenesis makes the species an exciting model to study the evolution of cross-kingdom signaling in the marine environment.
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STAR+METHODS KEY RESOURCES
Genome completeness
Completeness of the predicted Ulva gene space was evaluated using BUSCO [61] and the coreGF analysis [63] . Core gene families were defined as gene families shared among all Chlorophyta present in pico-PLAZA v. 2.0 [79] . In total 1,815 gene families were compared by sequence similarity to the Ulva gene models and the reference protein sequences. We assigned each Ulva gene model to a particular gene family based on the top 5 hits (E-value < 1e-5). Finally, a GF score was calculated as the sum of each core family identified, counted with a weight equal to one divided by the average family size. Hence, a GF score of 1 indicates that all the core gene families were identified, while a GF score of 0 indicates that no core gene families were found. The likelihood of the presence of each core gene family was calculated for Ulva gene models.
Comparative genomic analyses
For the comparative genomic analyses a custom version of Pico-Plaza [79] was built containing genomes and annotations of 32 eukaryotic species (Table S7) . Following an 'all-versus-all' blastP [95] protein sequence similarity search, both TribeMCL v10-201 [87] and OrthoMCL v2.0 [77] were used to delineate gene families and subfamilies. Collinear regions (regions with conserved gene content and order) were detected using i-ADHoRe 3.0 [69] with the following settings: gf_type = TribeMCL gene families, alignment method = gg2, number of anchor point s=5, gap size = 30, cluster gap = 35, tandem gap = 30, q-value = 0.85, probability cutoff = 0.01, multiple hypothesis correction = FDR and level_2_only = false. The phylogenetic profile of TribeMCL gene families (excluding orphans) retrieved from pico-PLAZA and the inferred species tree topology were provided to reconstruct the most parsimonious gain and loss scenario for every gene family using the Dollop program from PHYLIP v3.69 [78] . Gene family losses and gains were further analysed by examining the associated Gene Ontology (GO) terms and InterPro domains. Functional information was retrieved using InterProScan [71] . From TribeMCL gene families, highly conserved families were defined as single copy gene families present in all 20 species (U. mutabilis, 3 Chlorophyceae, 6 Trebouxiophyceae, 6 prasinophytes and 4 Streptophyta). A concatenated alignment of 58 single copy genes (42,401 amino acid positions) was used to construct a phylogenetic tree using RAxML v8.2.8 [81] (model PROTGAMMAWAG, 100 bootstraps).
Horizontal gene transfer
To search for HGTs, a blast search U. mutabilis proteome (blastp, E-value < 10 -5 ) was carried out against a reduced RefSeq database complemented with data from several algal genomes [96] . The top 1,000 Blastp hits (sorted by bit score) from each query were parsed via custom scripts to extract %12 representatives from each phylum to create a taxonomically diverse sample. The blastp hits were re-ordered according to query-hit identity followed by the sampling of another set of representative sequences. The query sequence was then combined with the sets of sampled representative sequences following Qiu et al. [96] . A custom script was used to sort trees consisting of U. mutabilis that was nested among prokaryotes with at least 80% bootstrap supports. Candidate HGT sequences were then reanalyzed using IQtree v1.4.3 [72] with the built-in model selection function, and branch support estimated using ultrafast bootstrap (UFboot) with 1,500 bootstrap replicates (-bb 1,500). Last, we visually confirmed that the putative HGT genes were an integral part of long sequencing reads and flanked up and downstream by non-HGT genes.
QUANTIFICATION AND STATISTICAL ANALYSIS
Enrichment and depletion of InterPro domains in Ulva and Caulerpa were tested using a Fisher's exact tests with a false discovery rate correction (Benjamini-Hochberg FDR method) of 0.05. Interpro domains, proven to be significantly depleted or expanded were grouped at Superfamily-level to reduce redundancy. Fisher's post hoc tests were used to determine significance of expression values of DMSP lyases (n = 4 or 8), methyltransferases (n = 4) and BCCT transporters (n = 4). All statistical tests were carried out in R [100] . Phylogenetic trees were reconstructed using either RAxML v8.2.8 [81] , IQTree v1.4.3 [72] .
DATA AND SOFTWARE AVAILABILITY
The assembled genome sequence, annotation and raw reads are accessible from ENA under BioProject number PRJEB25750. Further information on the Ulva mutabilis project is available via the Online Resource for Community Annotation of Eukaryotes (ORCAE) at http://bioinformatics.psb.ugent.be/orcae/.
